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INTRODUCTION 

The a d d i t i o n  o f  modest q u a n t i t i e s  o f  c e r t a i n  inorganic  sal ts  t o  
coal s u b s t a n t i a l l y  promotes i t s  r e a c t i v i t y  with steam o r  carbon 
dioxide.  Because o f  t h e  c o s t  of t h e  added s a l t  and the a d d i t i o n  o f  pro- 
cess s t e p s  f o r  admixture and recovery,  technoeconomic a n a l y s i s  p r e d i c t s  
t h a t  t h i s  c a t a l y t i c  coal g a s i f i c a t i o n  process  can be of p r a c t i c a l  value 
only i n  cases where t h e  maximum process  temperatures  are l i m i t e d  by out- 
s i d e  c o n s t r a i n t s . [ l ]  One such case is t h e  production o f  methane, where 
high equ i l ib r ium y i e l d  is favored by lower temperatures . [2]  Current 
p red ic t ions ,  based on n a t u r a l  gas  demand and r e se rves ,  suggest  t h a t  
methane from coal w i l l  no t  b e  needed i n  t h e  next  25-50 years .  C o n s e  
quent ly ,  i n d u s t r i a l  i n t e r e s t  i n  the  c a t a l y t i c  g a s i f i c a t i o n  of  c o a l ,  once 
high, has waned, and f u l l - s c a l e  development of the  process  has been 
given lower p r i o r i t y .  

Another p o t e n t i a l l y  a t t r a c t i v e  a p p l i c a t i o n  o f  the  c a t a l y t i c  g a s i f i -  
c a t i o n  process  i s  t h e  u t i l i z a t i o n  conversion,  s to rage ,  and t r a n s p o r t  of 
heat  produced by a gas-cooled nuclear  r e a c t o r  where the  a t t a i n a b l e  
coo lan t  temperature has an upper l i m i t  o f  about 95OoC.[3] Implementa- 
t i o n  o f  t h i s  technology is being considered[4] ,  b u t  l a r g e s c a l e  applica- 
t i o n  l i e s  some d i s t a n c e  i n  t h e  f u t u r e .  

Fbwever, t h e  low p r o b a b i l i t y  o f  near term a p p l i c a t i o n s  has  not 
hampered s c i e n t i f i c  i n t e r e s t  i n  t h e  process.  I n  t h e  l as t  few yea r s ,  
many i n v e s t i g a t o r s  have s tud ied  the  process ,  using a wide v a r i e t y  of 
approaches and tools. Since 1980 more than 100 papers  have been 
published on t h e  s u b j e c t  o f  t he  mechanism of c a t a l y t i c  g a s i f i c a t i o n  of 
cha r  or carbon. [5 ]  This  i n v e s t i g a t i v e  a c t i v i t y  has given us  s u f f i c i e n t  
i n s i g h t  i n t o  the  p rocess  t o  suggest a d e t a i l e d  mechanism that d e f i n e s  
t h e  n a t u r e  and r o l e  o f  t h e  c a t a l y s t  during g a s i f i c a t i o n .  

CHARACTERISTICS OF CATALYST ACTION 

E f f e c t i v e  coa l / cha r  g a s i f i c a t i o n  c a t a l y s t s  are i o n i c  sa l t s  with 
oxygen-bearing an ions  ( o r  anions t h a t  are converted t o  oxygen-containing 
spec ie s  under g a s i f i c a t i o n  cond i t ions ) .  The c a t i o n s  o f  t h e  sa l t  react 
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w i t h  t h e  carbonaceous m a t e r i a l  t o  form a chemical ly  and thermochemically 
d i s t i n c t  a c t i v e  s p e c i e s  t h a t  mediates  t h e  g a s i f i c a t i o n  process-  The 
an ions  of t h e  s a l t  may modify the  pathway of formation of the  a c t i v e  
species, but f o r  a l l  e f f e c t i v e  s a l t s  t h i s  s p e c i e s  is c e r t a i n l y  formed a t  
sub g a s i f i c a t i o n  temperatures .  

There is broad agreement among recent  i n v e s t i g a t o r s  t h a t  the  ca t -  
a l y s t  s u p p l i e s  oxygen to  t h e  carbon. Many i n v e s t i g a t o r s  favor  involve- 
ment of a redox cyc le  i n  which t h e  c a t a l y s t  is reduced by t h e  carbon and 
oxid ized  by t h e  gaseous r e a c t a n t ,  but few s p e c u l a t e  on a d e t a i l e d  
mechanism. Nevertheless ,  t h e r e  are a number of d e t a i l s  of t h e  
g a s i f i c a t i o n  r e a c t i o n  system f o r  which evidence i s  p a r t i c u l a r l y  s t r o n g :  

The working c a t a l y s t  forms a l i q u i d  f i lm t h a t  wets t h e  
carbon sur face ;  

The molten c a t a l y s t  i s  a metal-r ich (oxygen d e f i c i e n t )  
compound, probably an oxide ,  over which the  meta l  vapor 
pressure  has a c h a r a c t e r i s t i c  equi l ibr ium va lue ;  

Chemical a t t a c k  by t h e  c a t a l y s t  and during g a s i f i c a t i o n  
occurs  a t  t h e  carbon atoms on edges of aromatic  a r r a y s ;  

The reduct ion  s t e p  occurs  by donat ion  by t h e  carbon of an 
e l e c t r o n  t o  the  c a t a l y s t  phase, n e u t r a l i z i n g  the c a t i o n i c  
charge; 

A metal-oxygen-carbon complex analogous t o  a phenolate  
s a l t  is a r e a c t i o n  in te rmedia te ;  

’ The in te rmedia te  is a precursor  o f  gaseous CO product ion 
by a decarbonyla t ion  s t e p  t h a t  is l i k e l y  r a t e  governing.  

A PROPOSED MECHANISM 

Based on these  c o n s i d e r a t i o n s ,  w e  have devised a d e t a i l e d  mechanism 
of  c a t a l y s t  ac t ion .  Dispersion of t h e  c a t a l y s t  $ 8  a c r i t i c a l  i n i t i a l  
s t e p  t h a t  occurs  a t  s u b g a s i f i c a t i o n  temperatures  when t h e  c a t a l y s t  b e  
comes a l i q u i d  f i l m  t h a t  w e t s  t h e  carbon and spreads  over i t s  exposed 
s u r f a c e .  Evidence f o r  such a process  comes from microscopic  s t u d i e s [ b -  
81, measurements of s u r f a c e  a r e a  changes.[9,10] and t h e  observed in- 
c r e a s e  i n  e l e c t r i c a l  conductance upon hea t ing  of carbon-ca ta lys t  admix- 
t u r e s , [ l O ]  i n d i c a t i v e  of t h e  formation of a phase with high charge c a r  
rier mobi l i ty .  More q u a n t i t a t i v e  information about t h e  n a t u r e  of a l k a l i  
meta l  carbonates  admixed with carbon is obtained from Knudsen c e l l  mass 
s p e c t r o m e t r y . [ l l ]  A t  about 900 K, both carbon-KgC03 and carbon-Cs2C03 
admixtures  i n  a Knudsen c e l l  g r a d u a l l y  l o s e  oxygen, a s  evidenced by a 
progress ive  dimunit ion in the  equi l ibr ium p a r t i a l  p ressures  of  CO and 
Co . A t  t h e  same time t h e  pressure  of  t h e  a l k a l i  meta l  i n c r e a s e s ,  
i n g i c a t i n g  an i n c r e a s e  in thermodynamic a c t i v i t y  poss ib ly  produced by a 
change i n  mecalfoxygen s toichiometry.  Opposite changes occur  when steam 
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o r  C02 i s  admi t ted  t o  t h e  Knudsen c e l l .  These observa t ions  suggest t h a t  
t h e  l i q u i d  f i l m  i n  c o n t a c t  wi th  t h e  carbon i s  a nor rs to ich iometr ic  oxide 
t h a t  c o n t a i n s  an  excess  of  t h e  metal  a s  atoms i n  a d isso lved  s t a t e .  
During g a s i f i c a t i o n ,  t h e  composition of  t h e  f i l m  is determined by a 
dynamic ba lance  between a reducing process  a t  the  c a r b o r r c a t a l y s t  
i n t e r f a c e  and an oxid iz ing  process a t  the  s u r f a c e  i n  contac t  with the 
gaseous r e a c t a n t .  The composition and c h a r a c t e r i s t i c s  of some Cs-rich 
oxides  have been c h a r a c t e r i z e d  a s  c r y s t a l l i n e  s o l i d s  a t  room temperrr 
t u r e . [ l 2 ]  A t  h igh  tempera tures  they melt  i n t o  l i q u i d  phases ( f o r  which 
f r e e  e n e r g i e s  of formation have been eva lua ted)  comprised of a higher 
oxide  conta in ing  excess  C s  .[13] Using the  equi l ibr ium p a r t i a l  pressures  
of C s  and CO measured over a Cs2C03-carbon sample  in t h e  Knudsen c e l l ,  
toge ther  wi th  t h e  publ ished thermochemical d a t a [  131, w e  es t imated the 
composition of  the l i q u i d  phase t o  be C s 4 0 . [ l l ]  A s i m i l a r  a n a l y s i s  of 
t h e  K2C03-carbon system was not  p o s s i b l e  because o f  the  l a c k  o f  thermo- 
chemical d a t a  a t  low oxygen p a r t i a l  p ressures .  By analogy, however, a l l  
alkali-metal-oxygen systems would be expected to behave i n  a p a r a l l e l  
fashion.  F u r t h e r ,  very  r e c e n t  evidence of t h e  conversion of K2C03 t o  a 
nons to ich iometr ic  oxide i n  the  presence of carbon is provided by s t u d i e s  
w i t h  i s o t o p e l a b e l l e d  c a t a l y s t s . [ l 4 ]  

The e x i s t e n c e  of a n  oxide with an  excess  of t h e  a lka l i -meta l  compo- 
nent r e q u i r e s  an e q u i v a l e n t  number of oxygen vacancies .  Thus, t h e  af-  
f i n i t y  of  t h i s  phase f o r  r e a c t i o n  with an o x i d i z i n g  gas  w i l l  be propor- 
t i o n a l  t o  t h e  a l k a l i  meta l  a c t i v i t y .  Oxygen ions produced by t h i s  reac- 
t i o n  between the c a t a l y s t  phase and an oxid iz ing  gas  a r e  t ranspor ted  to 
t h e  c a r b o n / c a t a l y s t  i n t e r f a c e  by d i f f u s i o n ,  a process  that is f a s t  a t  
g a s i f i c a t i o n  temperatures .  One p r i n c i p a l  product of steam g a s i f i c a t i o n ,  
H2, would be formed a t  t h e  c a t a l y s t / s t e a m  i n t e r f a c e .  

The r e a c t i o n  s t e p s  occurr ing  a t  the  c a r b o n / c a t a l y s t  i n t e r f a c e  r e  
qui re  some e x p l a n a t i o n  because t h e  carbon s t r u c t u r e  is comprised to  some 
degree of p lanar  aromatic  a r r a y s ,  and aromatic  hydrocarbons a r e  known to 
be q u i t e  u n r e a c t i v e  toward oxide and hydroxide ions. Transmission 
e l e c t r o n  microscopy[7,8]  has confirmed t h a t  t h e  c a t a l y s t  i n t e r a c t s  with 
carbon atoms l o c a t e d  a t  t h e  edges of  t h e  planar  a r r a y s ,  but the 
mechanism of t h e  at tachment  remains obscure.  We suggest t h a t  the 
i n i t i a l  r e a c t i o n  s t e p  i s  a simple e l e c t r o n  t r a n s f e r  from the aromatic 
m a t e r i a l  t o  the  a l k a l i  meta l  i o n  of t h e  c a t a l y s t .  Recently repor ted[ lS]  
measurements made in an e lec t rochemica l  c e l l  wi th  a molten Na2C03 
e l e c t r o l y t e  provide  s t r o n g  evidence f o r  such an e l e c t r o n  t r a n s f e r  
step. In t h i s  work, t h e  a d d i t i o n  of g r a p h i t e  t o  t h e  e l e c t r o l y t e  (in the  
absence of  a i r )  r a p i d l y  s h i f t e d  t h e  r e s t  p o t e n t i a l  of t h e  c e l l  from 
-0-511 t o  -1.348 V, i n d i c a t i v e  of t h e  formation of a n  e a s i l y  oxidized 
s p e c i e s ,  such a s  sodium meta l ,  due to  reduct ion  of the  sodium ions in 
t h e  carbonate  by t h e  s o l i d  carbon. This process  produces d i r e c t l y  an 
excess  of  metal atoms i n  t h e  c a t a l y s t  and l e a v e s  t h e  carbon a r r a y  with a 
n e t  p o s i t i v e  charge ,  termed a r a d i c a l  c a t i o n .  Such a spec ies  would be 
h ighly  r e a c t i v e  toward t h e  n e g a t i v e l y  charged oxygen ions  in the 
c a t a l y s t .  It is h i g h l y  probably t h a t  r e a c t i o n  of t h e  r a d i c a l  c a t i o n  and 
t h e  O= l e a d s  t o  format ion  of a phenolate  i o n ,  the  presence of which i n  
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t he  carbon a r r a y  has  been confirmed.[ l6]  Indeed, phenolate  ion  s t ruc -  
t u r e s  would be s t a b i l i z e d  by a l k a l i  metal i ons  i n  t h e  molten c a t a l y s t  
f i lm .  The e x i s t e n c e  of some type o f  K 4 - C  s t r u c t u r e  has been suggested 
also on t h e  b a s i s  o f  i n f r a r e d  s p e c t r a  o f  p a r t i a l l y  g a s i f i e d  K2C03-char 
admixtures . [ l7 ,18]  

The r a t e  o f  formation of CO du r ing  char g a s i f i c a t i o n  has  been 
c o r r e l a t e d  with t h e  concen t r a t ion  of phenolate  groups. (191 This  obser- 
v a t i o n ,  i n  con junc t ion  with t h e  observed s t a b i l i t y  and s t eady  s t a t e  
populat ion o f  t h e s e  groups a t  g a s i f i c a t i o n  temperatures , [20] s u g g e s t s  
t h a t  decomposition o f  t h e  phenolate  groups is t h e  rate-governing s t e p  i n  
t h e  c a t a l y t i c  g a s i f i c a t i o n  process.  Decomposition may occur through 
conversion of  t h e  phenol f u n c t i o n a l i t y  t o  the  ketone followed by t h e r m o -  
l y t i c  decarbonylat ion.[ lO] This p a r t  of t h e  g a s i f i c a t i o n  r e a c t i o n  path- 
way remains s p e c u l a t i v e ,  a1 though such decarbonylat ion r e a c t i o n s  have 
been observed t o  occur a t  high temperatures.  [21] 

CONCLUSION 

Inorgan ic  sa l t s  composed of a l k a l i  metal  c a t i o n s  and oxygen-bearing 
anions are e f f e c t i v e  c a t a l y s t s  f o r  t h e  steam o r  C02 g a s i f i c a t i o n  of c o a l  
cha r .  Under g a s i f i c a t i o n  cond i t ions  t h e  c a t a l y s t  i s  converted to  a 
nonstoichiometr ic  oxide that i s  hg ih ly  d i spe r sed  over t h e  char  s u r f a c e  
as a l i q u i d  f i lm.  This  c a t a l y s t  f i l m  mediates  t h e  t r a n s f e r  of oxygen 
from t h e  ox id iz ing  gas  to  t h e  cha r  s u r f a c e  by way o f  a redox cycle .  A t  
t h e  c a t a l y s t / c h a r  i n t e r f a c e ,  e l e c t r o n  donat ion by the  char  reduces the  
c a t i o n  t o  a n e u t r a l  metal atom d i s so lved  i n  t h e  c a t a l y s t ,  leaving a 
posi t ively-charged r a d i c a l  c a t i o n  on t h e  cha r  su r face .  The r a d i c a l  
c a t i o n  r e a c t s  r e a d i l y  with oxygen ions  from t h e  c a t a l y s t  forming a 
phenolate f u n c t i o n a l i t y  t h a t  i s  s t a b i l i z e d  by t h e  metal i ons  i n  the 
c a t a l y s t  phase. The oxygen ions  l o s t  from t h e  c a t a l y s t  are r ep len i shed  
a t  the  g a s / c a t a l y s t  i n t e r f a c e  by o x i d a t i o n  o f  t h e  d i s so lved  m e t a l  atoms 
by t h e  ox id iz ing  gas.  The r e a c t i v e  in t e rmed ia t e s  a r e  t r anspor t ed  
between gaseous ox idan t  and char by d i f f u s i o n  through t h e  c a t a l y s t  
phase. CO is  formed by deca rbony la t ion  o f  t h e  phenolate  s p e c i e s ,  a pro- 
c e s s  t h a t  governs t h e  rate o f  t h e  g a s i f i c a t i o n  r e a c t i o n .  

ACKNOWLEDGEMENT 

Our s t u d i e s  o f  t he  mechanism of c a t a l y t i c  g a s i f i c a t i o n  of char were 
supported by t h e  U.S. Department of Energy, Morgantown Energy Technology 
Center under Contract  No. DE-AC21-80MCl4593. 

REFERENCES 

[l] H. Juntgen,  Fue l ,  62 (2 ) ,  234 (1983). 

[ 2 ]  

[3 ]  H. Kubiak, H. J. Schro te r ,  A. Sulimma, and K. H. van Heek, F u e l ,  

N. C. Nahas, Fuel,  62 (2) ,  239 (1983). 

62 ( 2 ) ,  242(1983). - 

107 



D. A. O'Sullivan, Chem. 6 Eng. News =( lo) ,  20-21 (1984). 

B. J. Wood and K. M. Sauc ie r ,  Catal .  Rev. Sc i .  Eng., i n  press 
(1 984). 

H. Marsh and I. Mochida, Fue l ,  60 (3),  231 (1981). 

D. J. hates ,  J. W. Evans, A. L. Cabrera, G. A., Somorjai ,  and 
H. Heinemann, J. C a t a l y s i s ,  80, 215 (1983). 

C. A. Mims, R. T. K. Baker, J. J. Chludzinski ,  and J. K. Pabst,  
P r e p r i n t s  Am. Chem. Soc. Fuel  Chem. Mv., 28 (l), 71 (1983). 

K. Ot to ,  L. Bartosiewicz,  and M. Shelef ,  Fuel,  58 ( E ) ,  565 
(1979). 

B. J. Wood, R. H. Fleming, and H. Wise, Fue l ,  i n  p r e s s  (1984). 

B. J. Wood, R. D. B r i t t a i n  and K. H. Lau, Carbon, I n  p re s s ,  
(1984). 

A. S i m o n ,  S t r u c t u r e  and Bonding ( B e r l i n ) ,  36, 81 (1979).  

1 

1 

\ 

C. F. Knights and B. A. P h i l l i p s ,  J. Nuclear Mat., 84, 196 , 

(1979) - 
J. M. Saber ,  J. L. Falconer ,  and L. F. Brown, p r i v a t e  
communication 

G. B. Dunks, Proceedings I n t e r n a t i o n a l  Conference o n  Coal 
Science,  P i t t s b u r g h  (1983), p. 457. 

C. A. Mims, K. D. Rose, M. T. Melchior,  and J. K. Pabs t ,  J. Am. 
Chem. SOC. 104, 6886 (1982). 

I. L. C. F r e r i k s ,  H. M. H. van Wechem, J. C. M. S t u i v e r ,  and R. 
Bouman, F u e l  60, 463 (1981). 

S. J. Yuh and E. E. Wolf, Fuel  62, 252 (1983). 

C.  A. M i m s  and J. K. Pabst,  Am. Chem. SOC. Fuel Chem. Div. 
P r e p r i n t s  2 5 ( 3 ) ,  258 (1980). 

C. A. M i m s  and J. K. Pabst,  Fuel ,  62 (2 ) ,  176 (1983). 

G .  Schaden, R o c .  3rd.  I n t e r n a t i o n a l  Symp. Analyt.  P y r o l i s i s ,  
C.E.R. Jones and C. A. Cramers, e d i t o r s ,  E l sev ie r ,  New York, 
1977, p.  289. 

8 

108 


